We compare experimental spectra of radiative and semileptonic B decays with the predictions of a model based on soft-gluon resummation to next-to-next-to-leading order and on a ghost-less time-like coupling. We find a good agreement with photon spectra in the radiative decay and with hadron mass distributions in the semileptonic one: the extracted values for α S (m Z ) are in agreement with the current PDG average within at most two standard deviations. The agreement is instead less good for the electron spectra measured by BaBar and Belle in semileptonic decays for small electron energies (≤ 2.2 GeV): our spectrum is harder. We also show that, in general, the inclusion of next-to-next-to-leading order effects is crucial for bringing the model closer to the data and that the non-power expansion introduced in the framework of analytic coupling studies does not accurately describe soft-gluon effects.
Introduction
The aim of this work is to analyze measured B decay spectra with a model based on (i) soft gluon resummation to next-to-next-to-leading order and (ii) an effective QCD coupling having no Landau pole [1] . This coupling is constructed by means of an extrapolation at low energy of the high-energy behavior of the standard coupling. More technically, an analyticity principle is used.
B decay spectra are substantially affected by long-distance effects, the most important ones being the soft interactions occurring in the fragmentation of the B meson into the b quark. The B meson -a colorless composite particle -emits the spectator quark and radiates soft gluons,
to convert into the colored b quark which later decays because of weak interactions,
or
Perturbation theory can describe the fragmentation of a b quark into a b quark with a fraction of the original energy-momentum as an effect of multiple gluon radiation, but it clearly cannot describe that part of the fragmentation involving the spectator quark. Physical intuition suggests that initial bound-state effects are substantial for m
which is experimentally interesting: that is the well known Fermi motion of the b quark in the B meson (m X is the final invariant hadron mass). This non-perturbative effect -which classically can be pictured as a small vibration of the b quark in the B meson because of the interactions with the spectator -has been formalized in an effective field theory by means of the well-known shape function or structure function of the heavy flavors [2] . Many models have been constructed to describe Fermi-motion as a genuinely non-perturbative effect involving the hadron structure [3] ; perturbative corrections are included, if desired, later on and play in any case a minor role. In this work we adopt a different philosophy: in essence, we assume that the fragmentation of the lowest-lying beauty meson into the beauty quark and the spectator quark can be described as a radiation process off the b with a proper coupling. Even though dynamics of light degrees of freedom in the B meson is complicated, we assume that the related effects on semi-inclusive spectra are simple. More precisely, we assume that bound-state effects can be incorporated into an effective QCD coupling, which is inserted in the standard soft-gluon resummation formulas. We extrapolate therefore the perturbative QCD formulas to a nonperturbative region by assuming that the relevant non-perturbative effects can be relegated into an effective coupling. Since the perturbative formulas involve truncated expansions in the QCD coupling, it is clear that our approach is meaningful as long as the effective coupling remains appreciably smaller than one in all the relevant integration range. From Fig. 2 we see that our effective coupling is ≈ 0.5 for a typical soft scale k ⊥ ≈ 0.5 GeV (corresponding to x γ = 2E γ /m B ≈ 0.9 in radiative B decays), i.e. it is reasonably smaller than one.
Since the whole fragmentation process is described in a perturbative framework, we do not distinguish between the mass of the B meson and the pole mass of the b quark, i.e. we consistently set m b = m B . We also assume that this effective coupling is universal, i.e. that it can be used to describe different processes, and that it can be constructed on the basis of analyticity arguments. These are additional assumptions with respect to the basic one, which could eventually be relaxed.
Let us remark that the resummed perturbative expansion for semi-inclusive quantities is incomplete even at the formal level. For inclusive quantities characterized by a hard scale Q, the cross section can be written in a consistent way as an expansion in the coupling at the scale Q,
where the c n 's are numerical coefficients of order one: no prescription is needed. Semi-inclusive processes are instead multi-scale processes, characterized by fluctuations with transverse momenta up to Q; the physical origin is very clear: a jet with a relatively large invariant mass m X (Λ QCD ≪ m X ≪ Q) can contain very soft partons, with transverse momenta of the order of the hadronic scale. Unlike case (5) , one has to face perturbative contributions of the form
where an ill-defined integration over the Landau pole is made, even for large Q ≫ Λ QCD . A prescription for the low-energy behaviour of the coupling is therefore needed in any case. Even if quark confinement did not exist and partons instead of hadrons were the asymptotic states, a prescription would anyway be necessary to compute resummed cross-sections.
It is clear that our approach has intrinsic and obvious limitations. The mass of the proton, for example, cannot clearly be computed by means of perturbative formulas with an effective coupling inserted in them: a genuinely non-perturbative technique is mandatory in this case, such as lattice QCD. Our point is that, with an effective coupling, we want to describe Fermi motion only, i.e. a specific non-perturbative effect, not all non-perturbative effects. We do not aim for example at describing the K * peak which appears in the radiative hadron mass distribution (see Fig. 3 ), or, equivalently, the π and ρ peaks which appear in the semileptonic one (see Fig. 7 and Fig. 8 ). These peaks, occurring for
are related to final-state hadronization, i.e. to the recombination of partons into hadrons. This effect has a different nature with respect to Fermi motion and occurs at a different scale (cfr. eq. (4) with eq. (7)). With our model, we just want to describe a broad peak in the hadron mass distribution occurring in region (4). A possible difference between the photon spectra of, let's say, B → X s γ and Λ b → X s γ decays, could not be described or naturally incorporated in our model, which is a kind of "spectator model for spectra".
The validity of our approach cannot be judged a priori, but only a posteriori, by comparing its predictions with experimental data. One may ask which is the advantage of our approach compared to the standard one of postulating directly shapes for the non-perturbative components of the spectra and convolving them with the perturbative ones in the minimal prescription [4] . The answer is that we want to take advantage of the universality properties of QCD radiation, which are reflected in resummation formulas. In the standard approach, one has to postulate ad-hoc and un-related shapes for the non-perturbative components entering different observables, such as heavy flavor decay spectra, heavy flavor fragmentation, e + e − shape variables, etc. If universal aspects of QCD dynamics -as measured in different processes -do exist, such aspects are not easily uncovered with the standard approach. On the other hand, with our method, such an investigation looks rather natural: to describe different processes, we use different perturbative formulas -quite often the same formulas but with different coefficients -with the same effective coupling by assumption and we look at the data [5] . Our philosophy involves a "one step" approach: we deal simultaneously with perturbative and non-perturbative effects. The standard method is instead a "two-step" approach: one resums the perturbative long-distance effects in a minimal way -picking up just the infrared logarithms -and then introduces a physically motivated non-perturbative model.
Another advantage of our approach is that it allows for a simple extraction of the value of the standard QCD coupling at a reference scale, f.i. α S (m Z ), by comparing its predictions with measured B decay spectra. That is because the model uses ordinary perturbative formulas with a prescription for the coupling in the low-energy tail, and therefore there is not any double-counting problem in merging together short-distance and long-distance effects. A peculiarity of our model is that it has no free parameters, apart of course the true QCD ones, i.e. the hadronic scale Λ QCD and the quark masses m q 's. It is therefore "rigid", in the sense that there is not a natural way to tune it to fit the data.
The plan of the paper is as follows.
In sec. 2 we summarize the main features of the ghost-less QCD coupling, which is basically an extrapolation of the ordinary QCD coupling down to small momentum scales according to an analyticity principle which removes the Landau pole.
In sec. 3 we construct the effective coupling controlling the evolution of gluon cascades, which are intrinsically time-like processes. The absorptive effects related to the decay of the time-like gluons are included in this effective coupling to all orders in perturbation theory.
Sec. 4 is the main one and describes the model based on soft gluon resummation in NNLO and on the effective coupling constructed in the previous section. A discussion of the relevance of the next-to-next-to-leading-order effects in our model is also presented. We also comment on the non-power expansion introduced in analytic coupling studies.
In sec. 5 we apply the model to describe B → X s γ decays. We compare its predictions with the invariant hadron mass distribution measured by BaBar and with the inclusive photon spectrum measured by Cleo, BaBar and Belle. Since these spectra are independent from each other, we obtain for each of them a value of α S (m Z ) which optimizes the agreement with the data.
In sec. 6 we apply the model to the charmless semileptonic decays B → X u lν. We compare our predictions with the invariant hadron mass distribution measured by BaBar and Belle and with the charged lepton energy spectrum measured by Cleo, BaBar and Belle. We extract values of α S (m Z ) as discussed above.
Finally, in sec. 7 we draw our conclusions concerning the agreement of the model with the data. We also consider natural developments and improvements.
There is also an appendix collecting formulas for the radiative decay and an appendix with tables of values of the QCD form factor in our model for a set of values of α S (m Z ).
Ghost-less Coupling
Let us begin considering QCD regularized with an ultra-violet cut-off Λ 0 and with a bare coupling α 0 . The correlation function 4 representing the quark-gluon interaction has a perturbative expansion of the form:
where for simplicity's sake we have considered the symmetric point p
. In the last member we have resummed the well-known geometrical series of the leading logarithms. β 0 = (11 − 2/3 n f ) /(4π) is the first-coefficient of the β-function, n f is the number of active flavors and c is a real constant whose explicit expression is not relevant here. This Green function can be used to define the renormalized QCD coupling [6] :
To have a real coupling, one generally assumes a space-like configuration of the momenta,
and to avoid explicit minus signs in the renormalization conditions, one defines, like in Deep-Inelastic-Scattering (DIS):
4 To be accurate, we consider the qqg correlation function amputated of all legs and written in terms of the renormalized fields. 5 Note that Q 2 > 0 in the space-like region while Q 2 < 0 in the time-like one and the ε-prescription for Q 2 is opposite to that for q 2 :
We then obtain the usual expression for the renormalized QCD coupling in leading order (LO):
where on the last member we have introduced the QCD scale
For notational simplicity, let us write Λ in place of Λ QCD from now on. The function on the r.h.s. of eq. (13) has:
1. a cut for Q 2 < 0 6 , related to the decay of a time-like gluon into secondary partons,
This singularity has therefore a clear physical meaning;
2. a simple pole for Q 2 = Λ 2 , which does not have any physical meaning [7] . This singularity is often called "Landau ghost" because of its original appearance in QED in the interacting electron propagator [8] . It implies a formal divergence of the coupling and a breakdown of the perturbative scheme.
It has been suggested to replace the usual expression for the coupling in eq. (13) with a "ghost-less" or "analytic" couplingᾱ having the following properties [1]:
1. it has the same discontinuity along the cut as the standard coupling:
2. it is analytic elsewhere in the complex plane.
Let us now consider the function
where Q 2 is a complex number not lying on the negative axis including the origin. By assumption, f (s) is analytic in the complex s-plane cut along the positive axis s ≥ 0, except for a simple pole in
We apply the residue theorem to f (s) integrated along a closed contour Γ avoiding the "physical" cut for s ≥ 0, containing a circle of infinitesimal radius around the origin c ǫ (ǫ → 0), a circle at infinity c r (r → ∞), a line above the cut (s → s + iε) and a line below the cut (s → s − iε): see Fig. 1 . Being the pole (18) the only singularity inside the contour, we obtain the following expression for the analytic coupling:
6 As usual, the logarithm function is cut along the negative semi-axis, so that: log(−1 ± iε) = ± iπ. 7 Note that, had we taken Q 2 ≤ 0, the pole (18) would have been located on the cut and the integral of f (s) over Γ would have been zero. We assume that the contributions of c ǫ and of c r vanish. Since s + Q 2 = 0 for s ≥ 0,
where the discontinuity of a function F (s) is defined in general as:
Taking into account that for s ≥ 0 (see eq. (16))
we obtain the following integral representation for the ghost-less coupling in terms of the standard one:
Eq. (23) is just a dispersion relation which, for clarity's sake, has been fully derived from first principles. By inserting on the last member the expression for the standard coupling at lowest order as given by eq. (13), we obtain:ᾱ
The integral above is elementary. It can also be computed with the residue theorem by considering the contour Γ above. The circle of infinitesimal radius around the origin and the circle at infinity give vanishing contributions to the integral. There are two simple poles in s = − Q 2 and in s = − Λ 2 , so that:
Let us make a few remarks:
1. comparing the r.h.s. of eqs. (13) and (25), we see that the "analyticization" procedure had the effect of subtracting the infrared pole in Q 2 = Λ 2 by means of a power-suppressed term, in a minimal way;
2. the analytic coupling has a constant limit at zero momentum transfer:
3. the term added to the standard coupling,
does not modify the high-energy behavior because it decays as an inverse power of the hard scale, i.e. infinitely faster than any inverse power of the logarithm of Q 2 . In more formal terms, the added term (27) is exponentially small in the coupling, and therefore is always missed in an asymptotic expansion for
4. since the power correction has no discontinuity in the time-like region Q 2 < 0,
it trivially follows that the analytic coupling has the same discontinuity as the standard one, as originally requested.
Let us now discuss the extension to next-to-leading order (NLO). The NLO correction to the standard coupling
where β 1 is the second-order coefficient of the β-function in the normalization assumed in [9] , involves:
1. the factor 1/ log 2 Q 2 /Λ 2 , having a cut for Q 2 < 0, related to the decay of the time-like gluon into on-shell partons (see eq. (15)), and a double pole for Q 2 = Λ 2 ;
2. the factor log log Q 2 /Λ 2 , having a cut for Q 2 < 0 related to the "internal" logarithm and another cut for 0 < Q 2 < Λ 2 related to the "external" logarithm.
The singularities for Q 2 = Λ 2 and for 0 < Q 2 < Λ 2 are unphysical because they refer to the space-like region, where the virtual gluon cannot decay into physical parton states. "Analyticization" can be made as in lowest order: one requires that the analytic correction term has the same discontinuity for Q 2 < 0 as the standard one but it is regular elsewhere in the complex plane:
The integral above -unlike the lowest-order case -is not elementary but it can easily be made numerically.
The following remarks are in order:
• the value of the analytic coupling at zero momentum transfer is not modified in higher order because:
• it can be shown that δᾱ(Q 2 ) has the same logarithmic terms as δα(Q 2 ) [10] , i.e. that the difference resides in power-suppressed terms, as we have explicitly found for the leading order.
The NLO coupling is defined as:ᾱ nl =ᾱ lo + δᾱ. Within our accuracy, the next-to-next-to-leading order (NNLO) corrections to the coupling are also needed:
where β 2 is the third-order coefficient of the β-function. One finds similar singularities as in the NLO case, which are removed again according to principle of "minimal analyticity" already used:
The NNLO analytic coupling reads (see Fig. 2 ):
Let us remark that an expansion in powers of the analytic couplingᾱ is an asymptotic expansion -as in the standard case -because the logarithmic structure ofᾱ is the same as that of α. As Fig. 2 clearly shows, the standard coupling and the ghost-less one are barely distinguishable at large scales [1] .
Effective Coupling for Gluon Cascade
As well known from perturbation theory, the emission of a gluon in a process is accompanied by an additional factor α in the cross section, where α is the tree-level QCD coupling. In higher orders, one has to consider:
1. multiple emissions off the primary color charges -the heavy and the light quark in B decays;
2. secondary emissions off the radiated gluons.
Primary multiple emissions produce the exponentiation of the one-gluon distribution while secondary emissions produce the decay of the radiated gluons into secondary partons -see eq. (15) . In the case of form factors, which are inclusive with respect to gluon decays, these higher-order terms have the main effect of replacing the tree-level coupling with an effective coupling evaluated at the transverse momentum of the primary emitted gluon [11] :
The couplingα(k 2 ⊥ ) is characteristic of the QCD cascade and it is given by the integral of the discontinuity of the (interacting) gluon propagator over virtualities s cut-off by the primary gluon transverse momentum. Let us remark that the cascade (or effective or time-like) coupling always refers to time-like kinematics.
The prescription at the root of our model is simply to replace the standard coupling on the r.h.s. of eq. (37) with the ghost-less coupling constructed in the previous section:
If we neglect the −iπ terms in the integral over the discontinuity -i.e. the absorptive effects -the cascade coupling exactly reduces to the ghost-less one:α
To render our model as accurate as possible, we include such absorptive effects and perform the integral on the r.h.s. of eq. (38) exactly. By inserting the analytic coupling at LO in the integrand on the r.h.s. of eq. (38), we obtain for the effective coupling:
At NLO, one has to add the contribution:
The NNLO corrections read:
The time-like coupling in NNLO is simply the sum of the above terms:
1. the cascade coupling is very close to the ghost-less one for very small scales, let's say less than 1 GeV (see Fig. 2 ). That is partly a consequence of the fact that both couplings have the same limit at zero momentum, 1/β 0 , and is partly accidental [1] . The cascade coupling is instead smaller than the standard coupling or the ghost-less one in the perturbative region, at large scales, because it has an additional negative third-order contribution ≈ − 1/ log 3 Q 2 -see next point;
2. the time-like couplingα has an expansion in powers of the standard M S coupling α of the form:
The relation above can be considered as an ordinary change of scheme for the coupling starting at third order;
3. theβ function for the time-like coupling, defined by the relation
has a negative third-order coefficient
in agreement with the fact that the coupling saturates at small scales;
4. An expansion in powers ofα(k 2 ⊥ ) is not an asymptotic expansion for k 2 ⊥ → ∞ becauseα even at LO contains infinitely many inverse powers of log k 2 ⊥ . 8 The first two coefficients are, as well known, invariant under a change of scheme:β 0 = β 0 ,β 1 = β 1 .
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The decoupling relations for the time-like coupling differ from the ones for the standard M S coupling and read:
whereα n f is the time-like coupling with n f active flavors andα n f −1 with n f − 1. The above relation has to be imposed at a scale µ such thatm(µ) = µ, wherem(µ) is the M S running mass of the decoupling quark. 
Figure 2: QCD couplings in NNLO for a fixed number of active flavors n f = 3 and Λ Let us end this section summarizing the basic steps taken in the construction of the effective coupling for the gluon cascade of our model:
1. subtraction of the Landau pole from the ordinary QCD coupling; 2. inclusion of the absorptive effects related to the decay of time-like gluons in the coupling controlling jet evolution.
Coupling in the DMW model
Let us now evaluate the quantity
parameterizing the leading non-perturbative effects in the Dokshitzer-Marchesini-Webber (DMW) model [5] . With µ I = 2 GeV we obtain in our model α 0 = 0.40 for α(m Z ) = 0.12 and α 0 = 0.44 for α(m Z ) = 0.125. In general, we find that α 0 is roughly linear in α(m Z ). A fit to e + e − shape variables data using next-to-leading resummed formulas gives α 0 ≃ 0.45 9 .
Threshold Resummation with Effective Coupling
In this section we describe a model for threshold resummation in semi-inclusive beauty decays based on the effective coupling considered in the previous section. Basically, we replace in the resummation exponent the standard coupling with the effective one.
N-space
In order to factorize multiple soft-gluon kinematic constraints, a transformation to N -space is required:
where
is the differential QCD form factor in the notation of [9] . C F = (N 2 C − 1)/(2N C ) = 4/3 with N C = 3 the number of colors and the plus distributions are defined as usual as:
The form factor has an exponential form in N -space:
where the exponent of the form factor reads:
with Q = w m B being the hard scale and w ≡ 2E X /m B . The functionsÃ(α),B(α) andD(α) have expansions in powers of the effective coupling:
The resummation constants for the cascade coupling are obtained from the standard ones (usually in the M S scheme) by imposing equalities such as:
is the standard double-logarithmic function 10 . Expressing the cascade coupling in terms of the standard one, according to eq. (44), we obtain:
(60)
The first two coefficients A 1 and A 2 are the same for both couplings α andα, while the third-order one A 3 is modified going to the time-like coupling by a contribution proportional to the first-order coefficient. For n f = 3,Ã 3 ≈ 1 is larger than A 3 ≈ 0.3 by a factor 3, but it is still acceptably small.
We have found that the inclusion of the NNLO terms involvingÃ 3 , B 2 and D 2 -in particularÃ 3 -is crucial for a good description of the experimental data. The NLO spectra are indeed peaked at too low hadron invariant masses and a sizable and positive value forÃ 3 suppresses the elastic region and shifts the spectra to higher m X 's. The model could be improved by including NNNLO terms, which require the knowledge of the coefficients A 4 , B 3 and D 3 ; at present, only B 3 is analytically known [12] .
Our model has been constructed by means of a power expansion in a single (effective) couplingα, i.e. higher orders are proportional toα n . In [1] and in [13] a non-power expansion had been proposed involving a different coupling for any n, which has interesting theoretical properties. In second order (n = 2), for example, one has the coupling
given by eq. (40). We have found that the non-power expansion does not offer a good description of the measured spectra. That is because
That implies that second-order effects are suppressed in the soft region with the non-power expansion compared to the power expansion case. In general, the non-power expansion renders the higher-order effects very small [1] . But, as discussed above, in beauty decays, sizable third-order effects are needed to take the theoretical curves close to the data, disfavoring the non-power expansion.
In order to include as many corrections as possible -higher order log N terms, 1/N contributions, etc. -in agreement with the philosophy described in the introduction, we make the integration over y in G N exactly, in numerical way. This is possible because the time-like couplingα(k 
Inverse Transform
The form factor in momentum space is obtained by inverse transform:
where the constant C is chosen so that the integration contour in the N -plane lies to the right of all the singularities of σ N (α). In order to correctly implement multi-parton kinematics, the inverse transform from N -space back to x-space is also made exactly in numerical way. Let us note that no prescription -such as the minimal prescription in the standard formalism [4] -is needed in our model because σ N (α) is analytic for Re N > 0.
Radiative Decay
The event fraction or partially-integrated rate for the radiative B decay
can be written as [14, 15] : 1
is a dimensionless variable,
is the partially-integrated form factor and
is the lowest-order inclusive width. m b ≈ 5 GeV is the beauty pole mass whilem b is the M S mass evaluated in µ = m b . Their relation reads:m
K r (α) is a short-distance coefficient function specific for this process and having an expansion in powers of α:
The explicit expression of the first-order term reads:
where the C i 's are short-distance coefficient functions entering the effective b → sγ Hamiltonian, H b→sγ , whose numerical values are given in the appendix, and the r i 's are complex constants. D r (t; α) is a process-dependent remainder function, which is included to correctly describe also the high jet mass region t ≈ O(1). In our leading-twist analysis, this function can be computed in perturbation theory and starts in first order:
with
The f ij (t)'s are functions whose explicit expression are given in the appendix.
Since the total width Γ r is infrared divergent beyond tree level, because of soft photon effects occurring in the spectrum for t → 1, it is convenient to define an event fraction normalized to the partial rate
where δ < 1 is a parameter. That is also convenient for experimental reasons: due to large backgrounds, the presently accessible range of hadron masses is at the most 0 < t < 0.3 (see later). The event fraction normalized to Γ r (δ) reads:
For δ → 1, R δ (t) tends to the standard event fraction R r (t). The normalization condition is:
The differential spectrum is obtained by differentiation:
A resummed expression of the following form holds:
where we have defined the form factor
which is normalized as Σ δ (δ; α) = 1.
The normalization condition (78) gives:
The expansions of the coefficient function and the remainder function read:
Note that we only expand D r (t; α) in powers of α and not Σ(δ; α), because, for sufficient small δ, one can have α log 2 δ ≈ O(1), implying need for resummation to any order in α. For δ = 0.26, one obtains C 
Phenomenology
In Fig. 3 we compare the invariant hadron mass distribution for the radiative decay, dΓ r /dm X , obtained with our model with experimental data from the BaBar collaboration [16] . The data show a rather pronounced K * peak, which clearly cannot be accounted for in a perturbative QCD framework 12 . We have therefore discarded in the analysis the data points with m X < 1.1 GeV 13 . We obtain a minimum χ 2 = 12 for α S (m Z ) = 0.1255 for 13 data points, i.e. for 12 degrees of freedom (d.o.f.) because of the fixed normalization. Since we deal with the standard QCD coupling, let us write α S from this section till the end of the paper. To improve the agreement of the theory with the data and to estimate the error on α S (m Z ), we have performed a Gaussian smearing of ∆m X = 300 MeV of the data points and of the theoretical distribution, and we have discarded the points with m X < 800 MeV. We obtain a minimum χ 2 = 6. In Fig. 4 we compare the photon energy spectrum computed in the framework of our model with data from the Cleo Collaboration [17] . In the B rest-frame,
The photon energies are however measured in the Υ(4S) rest frame, in which the B mesons have a small, nonrelativistic motion. In order to model the Doppler effect, we have convoluted the theoretical curve for E γ -computed with a B meson at rest -with a normal distribution of σ γ = 150 MeV, as suggested by Cleo itself. Let us note that the Doppler effect is sufficient to completely wash out the K * peak. We obtain a minimum χ 2 = 3.8 for α S (m Z ) = 0.117 for 7 d.o.f.. Assuming complete independence of the experimental points, we allow the χ 2 to raise by one unit to estimate the error and we obtain:
To check the modeling above of the Doppler effect, we have used the following method. We have converted the m Xs distribution by BaBar above to a photon spectrum in the B rest-frame and we have convoluted it with 13 m K * = 892 MeV and Γ K * = 51 MeV. 14 We have takenm b = 4.8 GeV,mc = 1.4 GeV andms = 0.3 GeV in the decoupling relations. In general, changing the M S masses in a reasonable range modifies the theoretical predictions in a negligible way. Increasing the M S masses is roughly equivalent to a slight increase of α S (m Z ). That is because, lowering the renormalization scale, the QCD coupling rises faster for a smaller number of active flavors.
a normal distribution with a variable σ γ , obtaining the points (x i , y
We have then minimized the quantity
with respect to σ γ , where (x i , y i , σ i ) are the Cleo data 15 . We have found a minimum of H(σ γ ) for σ γ ≃ 100 MeV, which gives similar results to the analysis with σ γ = 150 MeV:
with χ 2 = 3.4. As intuitively expected, reducing σ γ produces a shaper spectrum. In Fig. 5 we compare the predictions of our model with a spectrum from the BaBar collaboration [18] . The BaBar spectrum is somewhat softer than the Cleo one -even though the difference is within one standard deviation; we have interpreted this difference as a resolution effect and we have convoluted our theoretical curve with a normal distribution with a slightly larger standard deviation, σ γ = 200 MeV 16 . We obtain a minimum χ 2 = 5.1 for 9 d.o.f.. Performing a similar analysis as for the Cleo data, we obtain:
Following the minimization procedure above for the Cleo spectrum (see eq. (90)), we obtain also for the BaBar photon spectrum σ γ ≃ 100 MeV, to give:
with χ 2 = 8.0. Let us note that σ γ and α S (m Z ) are slightly anti-correlated because by increasing α S (m Z ) more radiation is emitted with a smearing effect similar to the one of increasing σ γ .
The same analysis on the BaBar photon spectrum can be repeated for the Belle one [19] (see Fig. 6 ). The minimization of H(σ γ ) gives in this case σ γ ≃ 200 MeV. We obtain a minimum of χ 
15 Let us remark however that the two spectra entering eq. (90) are independent on each other. 16 A more sophisticated analysis from the experimentalists, including the true resolution functions, is strongly encouraged! The over-all picture is that there is a good agreement of our model with the data in the region m X > 1 GeV, below which single resonances such as K and K * are expected to have a substantial effect in the dynamics. The extracted values of α S (m Z ) are in agreement with the world average
at most within two standard deviations.
Semileptonic decay
Resummed expressions for the triple-differential distribution in the inclusive charmless semileptonic B decays,
as well as for many double and single distributions have been given in [14, 9, 20, 21] , so we do not repeat them here 17 . To compare with semileptonic data, we just supplement these resummed expressions with the QCD form factor σ computed within our model. In Fig. 7 we compare the invariant hadron mass distribution in the semileptonic decay (96) in our model with data from the BaBar collaboration [23] . We discard the point with m X < 400 MeV, which is dominated by the π peak, and the points with m X > 2.6 GeV, which give basically no information on the signal 18 . We obtain a minimum χ 2 = 1.1 for 5 d.o.f. and, using the method of the previous section, we obtain:
Hadron mass distribution
Since the ρ width is larger than that of the K * , Γ ρ ≃ 150 MeV ≃ 3Γ K * , and the binning is rather large (∆m X = 400 MeV), we do not apply any smearing procedure in this case. In Fig. 8 we present a similar plot with Belle data [24] . To extract α S (m Z ), we discard the first 7 points, having m X < 0.8 GeV. We obtain a minimum χ 2 = 5.3 with 7 d.o.f., to give α S (m Z ) = 0.123 ± 0.006. Since the binning is smaller for Belle (∆m X = 120 MeV) than for BaBar, the ρ peak is pretty visible now. To reduce the resonance effect, we convolve our theoretical curve and the experimental data with a normal distribution of σ = 300 MeV, as we have made with the m Xs spectrum in the previous section. By discarding the first four points, we obtain a minimum χ 2 = 0.41 for 10 d.o.f. to give α S (m Z ) = 0.115 ± 0.004. Combining the above measures as we have made for the m Xs spectrum, we quote:
Let us note that semileptonic distributions peak at smaller hadron masses than radiative ones because they have a smaller average hadron energy [9] :
For α S (m Z ) = 0.123, we find for the peak positions in our model:
We end this section by noting that the extracted values of α S (m Z ) from the above measurements are in agreement with each other as well with the reference value within one standard deviation.
Electron spectrum
The electron spectrum in the decay (96) is affected by a large background for
coming from the decays
This background is larger than the signal by two orders of magnitude because |V ub | 2 /|V cb | 2 ∼ 10 −2 . In order to avoid the large errors coming from its subtraction, we have normalized the theory and the data to one in the region E e > 2.31 GeV. Instead of the electron energy, we prefer to use the variablē
which is equal to zero for the largest electron energy. The charm background occurs forx e > 0.125. To include the Doppler effect, we convolve our spectra with a normal distribution of standard deviation σ e = 100 MeV. The data and the theory are normalized to one in the charm background free region 0 <xe < 0.125.
In Fig. 9 we compare the electron spectrum in our model 19 with data from the Cleo Collaboration [25] . We obtain a minimum χ 2 = 30 for 13 d.o.f. and with the analysis described above we obtain:
The over-all agreement of the model with the data is acceptable in all the measured range of electron energies. In the region affected by the charm background, experimental errors become however very large.
In Fig. 10 we compare our prediction with the electron spectrum measured by the BaBar collaboration [26] . In the χ 2 analysis we remove the 4 points with the smallest electron energies, which are affected by the subtraction of the charm background. We obtain a minimum χ 2 = 16 for 9 d.o.f. and we obtain α S (m Z ) = 0.119 ± 0.005 (E e : BABAR) .
In Fig. 11 we compare our model with Belle data [27] . For the χ 2 analysis we have discarded the seven points with the largestx e , i.e. with smallest electron energies. We obtain a minimum χ 2 = 7 for 8 d.o.f. for α S (m Z ) ≈ 0.135. Since the χ 2 is a rather irregular function of α S (m Z ) in this case -without a well-shaped minimum -we are not able to estimate the error.
Finally, in Fig. 12 we compare our model for α S (m Z ) = 0.119 with a preliminary measure of the electron spectrum of the BaBar collaboration extending down to E e = 1.1 GeV [28] . As it is clearly seen, the theoretical spectrum is harder than the experimental one. We do not known whether this discrepancy is related to a deficiency of our model or to an under-estimated charm background. 19 Let us note that the tree-level electron spectrum has a maximum forxe = 0, at the largest electron energy, where it is flat. The shift of the maximum inside the kinematical domain, inxe ≈ 0.2, is a Sudakov effect. Because of infrared divergencies, soft radiation is always emitted and the high energy electron recoils against a neutrino and a massive up-quark jet, instead of a massless one. We may summarize our analysis of the electron spectra by saying that the agreement theory-data is less clear in this case. The agreement is acceptable in the charm background free region, i.e. for 2.31 < E e < 2.64 GeV; the errors in the measure of α S (m Z ) are however larger than in previous cases. There is not a good agreement with the preliminary BaBar spectrum for small electron energies: our model predicts a broad maximum around E e = 2.1 GeV, while the data seem to peak at lower energies.
Conclusions
We have presented a model for the QCD form factor describing radiative and semileptonic B decay spectra based on soft-gluon resummation to next-to-next-to-leading logarithmic accuracy and on a power expansion in an ghost-less time-like coupling. The latter is free from infrared singularities (Landau ghost) and resumes absorptive effects in gluon cascades to all orders.
The agreement with invariant hadron mass distributions in radiative and semi-leptonic decays measured by Cleo, BaBar and Belle is in general a good one. The χ 2 /d.o.f. values are acceptable and the extracted values of α S (m Z ) are in agreement with the current PDG average within two at most standard deviations.
The agreement with the electron spectra in semi-leptonic decays is in general is, in general, not as good. Even restricting the analysis to the end-point region free from the charm background (2.31÷2.64 GeV), χ 2 /d.o.f. values are larger and the extracted values of α S (m Z ) are generally less accurate than in previous cases. The preliminary BaBar measure of the electron spectrum down to 1.1 GeV is not in good agreement with our model, which predicts a harder spectrum, with a broad maximum around 2.1 GeV. We do not know whether the discrepancy is to be attributed to a deficiency of our model or to an under-subtracted charm background. In the former case, one could think to a non-perturbative component which is accidentally larger in the electron spectrum than in other semi-leptonic or radiative spectra.
In general, the model seems to work quite well, validating the idea that Fermi-motion effects can be described in a resummed pQCD framework with an effective QCD coupling, which remains reasonably smaller than one in the relevant integration domain. Since the effective coupling is constructed by means of an extrapolation at low energy of the standard coupling, non-perturbative Fermi-motion effects are connected in a smooth way to the perturbative ones -namely soft gluon radiation -in our model. More accurate data on any distribution sensitive to soft-gluon effects are needed to put the model to a stringent test. Theoretical predictions could be sharpened in the future by including second-order corrections to the coefficient functions and remainder functions, as soon as they become available; that would allow to work within a complete NNLO approximation.
We have found that the inclusion of the NNLO effects in our model is crucial for a good description of the data; the model could be improved by including NNNLO terms. We have also found that the non-power expansion proposed in [1, 13] does not accurately describe soft-gluon effects.
Let us end with a general comment. We find it remarkable that with such a simple model as the one we have formulated, without any adjustable parameter, it is possible to extract reasonable values of α S (m Z ) from spectra with a hard scale of just a few GeV.
f 77 (t) = + t 9 30 + 3 t − 2 t 2 − 3 (4 − t) log t ; (115)
We have defined:
and
B QCD form factor
In this appendix we tabulate the values of the QCD form factor σ(u; w) in our model as a function of the infrared variable
and of the total final hadron energy
for α S (m Z ) = 0.115, 0.120 and 0.125. The hard scale in the process is
In the radiative case one sets t = u and w = 1 while in the semileptonic case the form factor as a function of w (0 < w < 1) is needed [9, 20, 21] . By using the following tables, the reader can obtain the form factor for all the values of u and w by means of a straightforward interpolation, avoiding the delicate numerical integrations related to the Mellin transform and to the inverse Mellin transform. In agreement with physical intuition, by lowering the hard scale, the peak of the form factor broadens and shifts to larger u's because of the coupling growth. 5.094 × 10 6.691 × 10 4.039 × 10 
